We present modeling, design, fabrication and characterization of a new type of all-optical frequency modulated MEMS force sensor based on a mechanically amplified double clamped waveguide beam structure with integrated Bragg grating. The sensor is ideally suited for force measurements in harsh environments and for remote and distributed sensing and has a measured sensitivity of -14 nm/N, which is several times higher than what is obtained in conventional fiber Bragg grating force sensors.
Introduction
All-optical sensors are well suited for a wide range of different applications, e.g. structural strain sensing [1] , pressure sensing [2] , acceleration [3] and biochemical sensing [4] . While all-optical sensors can be amplitude [5] , frequency [6] , polarization [7] or phase modulated [8] the all-optical sensor types most often encountered in literature within strain, pressure and force sensing are the amplitude and frequency modulated sensors. Amplitude modulated sensors usually have a very high sensitivity at the cost of increased transmission noise sensitivity and maximum one sensor per communication line. Frequency modulated sensors typically have lower sensitivity than amplitude modulated sensors and they rely on an absolute frequency shift, however, frequency modulated sensors are almost immune to amplitude affecting noise sources and can easily be integrated in large distributed systems by wavelength division multiplexing. One of the most successful all-optical frequency modulated sensor today is the fiber Bragg grating (FBG) sensor [9] . The typical cross-sectional dimensions of the sensing element in FBGs is in the order of 100-200 μm (125 μm for a standard optical fiber). These relatively large physical dimensions combined with limitations with respect to material choice and refractive index modulation gives FBGs an inherently low sensitivity. However, using MEMS technology and high refractive index contrast materials, the cross-sectional dimensions of the sensing element can be reduced by approximately one order of magnitude. Furthermore, proper mechanical design allows for integrated amplification of the force induced strain which is not easily obtainable in FBGs.
Theory
The basic sensing principle of FBGs as well as MEMS Bragg grating (MBG) sensors is modulation of the Bragg wavelength λ B by e.g. strain; the Bragg wavelength is obtained from
where n avg is the geometrically averaged effective index and Λ is the period of the Bragg grating. The sensitivity or relative Bragg wavelength shift is given by
where α is the thermal expansion coefficient of the part of the waveguide containing the grating, ζ is the thermooptic coefficient, p e is the photoelastic coefficient for longitudinal strain and ε is the longitudinal strain. In the following analysis we shall neglect the thermooptic effect, since it can be separated by a differential measurement, and the photoelastic effect since it reduces to a factor of proportionality to the strain sensing term. In FBG force sensors, the force is applied longitudinal or transversal, and in both cases the longitudinal strain is measured. In the case of a longitudinal force load the force sensitivity, however, is rather low due to the high stiffness of the structure; the force sensitivity may, however, be improved using mechanical strain amplification.
We consider a structure, shown schematically in Fig. 1 , built from two prismatic beam (each of length L, width W and thickness H) joined together at an angle of π − 2θ by a rigid center boss, while the other ends are assumed rigidly clamped. The force load is applied to the center boss joining the two beams. The load force F is balanced by shear V and normal N forces in the beams, such that a static vertical force balance requires
where V and N are the force magnitudes in the left hand beam. In the extreme case of θ = 0 the normal force vanish (in a first approximation) and the load is balanced entirely by the shear forces causing bending of the beams and essentially zero shift of the Bragg wavelength. In the other extreme case θ = π/2 the shear force vanish and the load is balanced by normal forces in L H W θ F Fig. 1 . Sketch of the structure used for strain amplification. The structure comprises two clamped beams joined together at an angle π − 2θ by a stiff center boss. A force F to be measured is applied to the center boss. At a specific angle, 0 < θ < π/2, the longitudinal strain in the Bragg grating (green) is maximized for a fixed force F. the beams causing elongation or compression of the beams and a finite Bragg wavelength shift results. In general both shear and normal forces in the beams are finite causing both longitudinal and transversal displacements u and w, respectively, of the beams. The boss, however, can only displace in the vertical direction due to symmetry, and thus the beam displacements u L = u (L) and w L = w (L) at the boss are subject to the geometrical restriction
The longitudinal beam displacement is related to the normal force, which is considered constant throughout a beam, and thus
where ε = N/(EW H) is the longitudinal strain, and E is Young's modulus for the beam material. The transversal displacement may be found as the solution to Euler's beam equation
with the boundary conditions w (0) = 0, w (0) = w (L) = 0, and w (L) = w L , due to clamping of the ends of the beams, and with the distributed load q = 0; here I = W H 3 /12 is the area moment of inertia for the beam. In most practical cases the coupling to the normal force may be ignored when Euler's beam equation is solved and then the result is w (x) = w L x 2 (3L − 2x) /L 3 , while the full solution is given in the Appendix. The shear force and the beam deflection are related through V = −EIw , and thus V = 12EIw L /L 3 = EW H 3 w L /L 3 . From the force balance, Eq. (1), the geometrical restriction Eq. (2) and Eq. (3) we may then solve for the normal force
and the longitudinal strain
The longitudinal strain is seen to be maximized at the angle θ max 
where the approximation is valid for H/L 1. It follows that the longitudinal strain at θ max is amplified a factor ∼ L/(2H) compared to the longitudinal strain at θ = π/2. Due to the stiffness of the joining boss changes in the joining angle under load is a second order effect, and as a result the longitudinal strain increases linearly with the load force. Normalized longitudinal strain ε (θ )/ε (π/2) as function of beam angle θ shown for four different aspect ratios L/H. As the aspect ratio of the beam increases, the strain is increased and the peak of maximum strain shifts towards lower angles. For the aspect ratio L/H = 10 results from a FEM calculation are also shown (• symbol); the FEM results are seen to agree well with the analytical calculation.
The longitudinal strain, Eq. (6), normalized with respect to the strain at θ = π/2 (i.e. a longitudinal loaded FBG) as function of beam angle θ is plotted in Fig. 2 for different aspect ratios L/H. As expected the normalized longitudinal strain is zero for θ = 0 and has a maximum at an angle close to zero. When the aspect ratio is increased, the relative strain increases and the angle of maximum strain is reduced. In Fig. 2 results from a Finite Element Model (FEM) calculation (L = 150 μm, W = 15 μm, H = 15 μm) are also shown. The normalized strain calculated using FEM is seen to agree very well with the analytical calculation; in particular, the peak in relative strain at a low angle is well reproduced.
For materials such as silicon and silicon dioxide, aspect ratios in excess of 1:10 are routinely fabricated using MEMS technology. A significant sensitivity increase compared to FBGs is thus obtainable using MEMS technology, in particular when also a reduction of the cross-sectional dimensions by an order of magnitude is taken into account. A note of caution, the structure is also sensitive to out of the plane bending of the beams. To ensure proper operation of the sensor it is important that the load force is applied such that out of the plane bending is avoided; this is particularly important when the beam is under compressive load.
Design and fabrication
A sketch of the fabricated MBG sensor is shown in Fig. 3 . Light is coupled into the chip from an optical fiber using one of the two fiber connect grooves located at the lower boundary of the sensor chip. Silicon oxynitride (SiON) optical waveguides run from the fiber connect grooves to the double beam structure with integrated Bragg gratings located at the upper half of the chip. The radius of curvature of the waveguide is large enough to minimize bending losses.
The sensor is fabricated from a 350 μm thick silicon wafer and the chip measures 6 × 5 mm 2 . The process flow for fabrication of the sensor is shown in Fig. 4 . The sensor is fabricated from an atmospheric pressure oxidized (APOX) silicon wafer with 8.2 μm thermal SiO 2 (a). The oxide will serve as the lower waveguide cladding layer. The waveguide core is made from a 2.4 μm thick SiON grown using plasma enhanced chemical vapor deposition (PECVD) (b). The Bragg grating structure is defined in the positive resist ZEP520a using e-beam lithography (EBL). By e-beam evaporation of 70 nm aluminum, the grating is transferred to an aluminum mask in a lift-off process. The grating is then etched in the waveguide core using advanced oxide etching (AOE) for a total corrugation depth of 1 μm (c). Borophosphosilicate glass (BPSG) with a thickness of 4.8 μm is deposited using PECVD and annealed at 1000 • C for 6 hours (d). This BPSG layer serves as the upper cladding layer and will reflow during annealing to improve the poor as deposited step coverage of the PECVD process. A membrane is created from the backside using UV lithography (UVL) followed by AOE and deep reactive ion etch (DRIE). The etch stops at the lower cladding layer due to the high etch selectivity of silicon over silicon dioxide (e). Likewise, the fiber grooves are fabricated using UVL followed by AOE and DRIE (f). The final step is to define and release the waveguides, which is done by UVL and AOE (g).
The final device after dicing is shown in Fig. 5 ; both a micrograph of the full 6 × 5 mm 2 chip (Fig. 5a ) as well as a close-up image of the sensor beam region (Fig. 5b) 
Results
For characterization of the sensor a Koehras SuperK supercontinuum laser emitting in the visible range was connected to the input of the test chip through a fiber optic circulator and a SMF-28 optical fiber; the reflected signal was measured using an Agilent AQ-6315A optical spectrum analyzer. A load force was applied to the beam using a micro needle attached to a force sensor (Strain Measurement Devices s415 button cell) mounted on a micrometer stage. The measured reflection spectra at three different applied load forces are shown in Fig. 6a where a clear shift of the reflection spectra due to the load force is seen. To extract the experimental Bragg wavelength (interpreted as the center wavelength of the reflection peak) Gaussian functions were fitted to the measured spectra, from the fits the full width at half maximum is found to 2.3 nm, which is larger than what is generally found in FBGs due to the higher index modulation in the MBG. The experimental Bragg wavelength for the unloaded beam is λ B = 787.4 nm. The extracted shift in Bragg wavelength as function of applied force is shown in Fig. 6b [12] , while also noting that the MBG offers a much smaller and mechanical robust design with an inherent mass production potential. Temperature measurements were conducted using a 82 W Peltier element for heating the sensor and a K-type thermocouple for measuring the temperature change. The unloaded Bragg wavelength shift as a function of a temperature shift is shown in Fig. 7 , where the temperature of the chip was increased from 23.9 • C to approximately 40 • C and the reflection spectra recorded at six discrete temperatures. From the measured Bragg wavelengths a temperature sensitivity of approximately 30 pm/K results. The high temperature sensitivity is primarily due to a large thermooptic coefficient of the waveguide material [13] . With this high temperature sensitivity a differential measurement strategy, where both a loaded and an unloaded sensor on the same chip are measured simultaneously to eliminate the thermal signal, is advantageous. Power loss measurements on straight waveguides without Bragg gratings show a coupling loss of approximately 6 dB per coupling, while the transmission loss is less than 1 dB. The coupling losses are approximately 2 dB larger than expected from mode overlap integral calculations, indicating a slight misalignment between the optical fiber and the waveguide. In order to reduce the coupling losses further, tapering of either the optical fiber or the waveguide could be applied.
Conclusion
We have presented a new all-optical frequency modulated MEMS force sensor based on mechanically amplified deformation of an integrated nanoscale Bragg grating. From analytical model calculations an optimal sensor design has been developed and a sensor fabricated. Measurements of the wavelength shift as function of applied force have been conducted resulting in an experimental sensitivity of −14 nm/N, in agreement with the developed analytical model. This sensitivity is much higher than what is found using conventional FBG strain sensors. Temperature measurements show a temperature sensitivity of approximately 30 pm/K, which is attributed primarily to thermooptic effects. Coupling and propagation losses have been measured to 6 dB and less than 1 dB, respectively. The high sensitivity is obtained at the cost of a significant sensitivity to out of the plane bending, and a rather fragile structure. 
